Indium gallium zinc oxide layer used to decrease optical reflection loss at intermediate adhesive region for fabricating mechanical stacked multijunction solar cells
Introduction
Semiconductor solar cells are important devices, which produce electrical power directly from sunlight. [1] [2] [3] [4] [5] It has been widely investigated as clean energy sources. The conversion efficiency E ff of a single solar cell is governed by the height of built-in potential and light absorption characteristic, which depend on the band gap of the semiconductor. E ff is strictly limited by 32.7%, which is called the ShockleyQueisser limit. 1) To overcome the E ff limitation of a single solar cell and realize a higher E ff , a multijunction solar cell has been proposed. [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] A combination of solar cells with different band gaps effectively absorb sunlight from ultraviolet to infrared wavelength regions. Solar cells ohmically connected cooperatively increase the open circuit voltage V OC . A three-junction solar cell InGaP=GaAs=Ge with E ff of 31.5% fabricated by the epitaxial crystalline growth method has been reported. 14) Mechanically stacked multijunction solar cells have also been reported. 12, [17] [18] [19] [20] [21] [22] [23] The mechanical stacking method of individual solar cells allows a wide selection of semiconductor materials such as amorphous, polycrystalline, and organic semiconductors as well as singlecrystalline inorganic semiconductors. Moreover, this method makes it possible to fabricate large size solar cells. We have proposed a processing method of mechanically stacking semiconductor solar cells with a transparent conductive adhesive dispersed with indium-tin-oxide (ITO) conductive particles. [23] [24] [25] [26] A connecting resistivity lower than 1.0 Ω cm 2 has been achieved. 26) It was low enough to fabricate multijunction solar cells with E ff higher than 30%.
There is a still serious problem of optical reflection loss at the intermediate adhesive interface region. Semiconductor materials have high refractive indices in general because of their strong covalent bonding, while an organic adhesive has a low refractive index. A large difference in refractive index causes high optical reflection, which reduces the transmittance of light and the photoinduced current density into the bottom cell. Optical reflection loss at the intermediate adhesive interface should be reduced to maintain the current matching condition between the top and bottom cells, which is an important condition to achieve a high E ff . 13, 14) We proposed the use of transparent conductive indium gallium zinc oxide (IGZO) as the optical antireflection layer at the interfaces of the semiconductor and the adhesive to reduce optical reflection loss. 27) IGZO has been widely used as the active layer in thin-film transistors, which have been applied in the switching element of active-matrix-flat panel displays. [28] [29] [30] The technology of film formation on meter-sized large substrates by the plasma sputtering method has been established. The technology of control of electrical resistivity has also been developed. 29) IGZO layers have the antireflection effect because its refractive index of 1.85 was lower than that (3.5) of silicon and higher than that of epoxy adhesive. 31, 32) We reported the increase in transmissivity in the infrared region for the silicon-stacked samples with a structure of Si=IGZO=adhesive=IGZO=Si. 27) However, the reduction characteristics in optical reflectivity has not been experimentally demonstrated yet in stacked samples with different materials with different band gaps.
In this paper, we report the experimental demonstration of reduction of optical reflection loss using IGZO layers at the intermediate adhesive region at wavelength ranging from the visible to infrared region, which is an important region for solar cells. We use three kinds of stacked samples with different material substrates: top crystalline silicon and bottom crystalline germanium, top crystalline GaAs and bottom silicon, and top crystalline GaP and bottom silicon to discuss optical reflectivity properties. Two IGZO layers are used at the bottom interface of the top substrate and the top interface of the bottom substrate in the intermediate adhesive region. We demonstrate the decrease in the optical reflectivity of all the stacked samples with IGZO layers but not in the controlled stacked sample without IGZO layers. We introduce the effective optical absorbency A eff of the bottom substrate. We report A eff values higher than 0.9 for three kinds of samples with IGZO anti-reflection layers with appropriate thicknesses.
Experimental procedure
In order to fabricate stacked samples as shown in Fig. 1 , we prepared four kinds of single-crystalline semiconductor substrates of 500-µm-thick p-type 10 Ω cm (100) germanium, 500-µm-thick n-type 17 Ω cm (100) silicon, 500-µm-thick n-type 20 Ω cm (100) GaAs, and 500-µm-thick n-type 5 Ω cm (100) GaP. Figure 2 shows the experimental reflectivity spectra of crystalline germanium, silicon, GaAs, and GaP described above. The experimental optical reflectivity of the 500-µm-thick crystalline germanium substrate decreased from 51 to 37% as the wavelength increased from 582 to 1600 nm. The photon energy in that wavelength region was higher than the indirect band gap of 0.67 eV of crystalline germanium. The 500-µm-thick crystalline germanium substrate was completely opaque at wavelengths lower than 1600 nm because the optical penetration depth determined by the extinction coefficient shown in Fig. 3(b) 33) was much lower than the thickness of the substrate. Light was completely absorbed in the crystalline germanium substrate at wavelengths lower than 1600 nm. The optical reflectivity of the crystalline germanium substrate was determined only by the reflectivity of the top surface of crystalline germanium depending on the refractive index and extinction coefficient shown in Figs. 3(a) and 3(b) at wavelengths lower than 1600 nm. The low optical reflectivity of 37% at 1600 nm was due to the low reflective index and extinction coefficient. On the other hand, the experimental optical reflectivity gradually increased from 37 to 51% as the wavelength increased from 1600 to 1900 nm, as shown in Fig. 2 because the substrate becomes gradually transparent and the light reflected at the bottom surface comes back to the top surface. Multiple reflections between the top and bottom surfaces increases the optical reflectivity of the crystalline germanium substrate. Similar characteristics of the experimentally optical reflectivity were observed in the cases of crystalline silicon, crystalline GaAs, and crystalline GaP, as shown in Fig. 2 . They clearly depend on their own band gap energies of 1.1, 1.43, and 2.26 eV for crystalline silicon, crystalline GaAs, and crystalline GaP, respectively. The light wavelength just before the experimentally optical reflectivity increased (1600 nm for crystalline germanium given above) were 1020, 880, and 540 nm for crystalline silicon, crystalline GaAs, and crystalline GaP, respectively. The samples were opaque and the light is completely absorbed at wavelengths less than above values. The experimentally optical reflectivity increased from 32.5 to 48% as the wavelength increased from 1020 to 1150 nm for the crystalline silicon substrate. It increased from 32.5 to 45.5% as the wavelength increased from 880 to 902 nm for the crystalline GaAs substrate. It increased from 31.3 to 44.3% as the wavelength increased from 540 to 568 nm for the crystalline GaP substrate. These increases in optical reflectivity were caused by the multiple reflections between the top and bottom surfaces because the crystalline substrates became transparent as the wavelength increased, similar to the case of the crystalline germanium substrates. Figure 2 shows the wavelength region to be discussed in this paper, in which the top substrate is transparent and the bottom substrate is opaque. The shortest wavelength λ 1 and the longest wavelength λ 2 in this wavelength region for samples with combinations of different materials are given as Table I. IGZO films were formed on the semiconductor surfaces by radio-frequency Ar plasma sputtering at 2000 W with In 1.0 Ga 1.2 Zn 1.0 O 1.4 as the target at room temperature. The optimum thickness of IGZO for reducing the optical reflectivity at wavelengths between λ 1 and λ 2 was determined using a calculation program to be discussed in Sect. 3. The optical reflectivity spectra of the IGZO=semiconductor samples were measured using a spectrometer. The film thickness was estimated by best fitting calculated spectra using a program including the optical interfere effect with film thickness to the experimental spectra. 27) By analyzing optical spectra, we determined the experimental thicknesses of the IGZO layer (d ex ) to 188 nm in stacked GaAs and silicon, 130 nm in 33) The extinction coefficient of crystalline GaP was negligible small. stacked GaAs and silicon, and 102 nm in stacked GaP and silicon, as listed in Table I . The IGZO layers formed on the semiconductor substrates were heated at 350°C in air atmosphere for 1 h to decrease the density of free carriers and prevent serious free carrier absorption in the infrared region in stacked silicon and germanium. Heating at 350°C for 1 h increased the resistivity of the IGZO layer from 0.0011 to 0.056 Ω cm, whose connecting resistivity was 1.1 × 10
Ω cm 2 , which is much lower than 1.0 Ω cm 2 . [34] [35] [36] [37] [38] [39] [40] On the other hand, the IGZO film with 0.056 Ω cm only causes a very small free carrier absorption with an absorption coefficient of 0.2 cm −1 and an extinction coefficient of 2.7 × 10
at the longest λ 2 of 1600 nm, as shown in Table I , which is in accordance with the free carrier absorption theory. 34, [41] [42] [43] IGZO layers are therefore optically transparent and electrically conductive. A transparent epoxy prepolymer and hardener gels were prepared. They were mixed and diluted with xylene. 20-µm-diameter ITO particles were then dispersed at 6 wt % (1 vol %) in the gels. The adhesive with ITO particles was pasted on the surfaces of the bottom substrates. The top substrate was placed on the adhesive. The samples were then kept for 1.5 h at RT in 0.8 MPa N 2 atmosphere to solidify the epoxy adhesive. These were our conventional stacking conditions for realizing connecting resistivities lower than 1.0 Ω cm 2 . High optical transmissivity was confirmed at wavelengths from 500 to 2000 nm by measuring transmissivity spectra of ITO diffused epoxy adhesive sandwiched by two quartz substrates. Transmissivity analysis showed refractive index of the adhesive ranging from 1.44 to 1.5. The distribution of the refractive indices probably resulted from incorporation of small air bubbles during ITO particle dispersion into the adhesive. We set the average refractive index of the adhesive to be 1.47 for the analysis of the present results. Stacked samples were consequently fabricated with structures of Si=IGZO=adhesive=IGZO=Ge, GaAs=IGZO=adhesive=IGZO=Si, and GaP=IGZO=adhesive= IGZO=Si. Moreover, samples with structures of Si=adhesive= Ge, GaAs=adhesive=Si, and GaP=adhesive=Si were also fabricated as the control samples. The optical reflectivity spectra of the stacked samples were measured using a spectrometer in the case of light illumination to the top surface of the samples.
Calculation
A numerical calculation program of optical reflectivity spectra was developed to analyze experimental reflectivity spectra and A eff . 27, 34, [41] [42] [43] The sample structure shown in Fig. 1 was set for calculation. The data of the refractive index n and extinction coefficient k 33) shown in Fig. 3 are used. The top and bottom substrates were thick enough to ignore the optical interference effect of incident incoherent light. The intermediate adhesive layer has a thickness of about 20 µm in reality. We also assumed that no optical interference effect occurred between the top and bottom adhesive surfaces. The Fresnel-type optical interference effect was calculated for the IGZO layer assuming a simple plain wave model. [41] [42] [43] [44] The optical phase coupling results in an interface with a new reflectivity coefficient depending on the IGZO film thickness for both surfaces of the intermediate adhesive layer. Their reflectivity is given by the absolute squared reflectivity coefficient. The four individual optical interfaces are therefore formed by five optical media of air, top substrate, intermediate adhesive layer, bottom substrate, and air, as shown in Fig. 4 , while the real sample has six material interfaces, as shown in Fig. 1 . A calculation system for scalar-type multiple reflections and transmission was prepared with an incident angle of 0 between the four interfaces, as shown in Fig. 4 , to obtain optical reflectivity, which includes many reflectivity components. The extinction coefficient k also gives the reduction in light intensity by exp(−4πkx=λ) when Fig. 4 . Calculation illustrations of scalar-type multiple reflections and transmission with an incident angle of 0 between the four interfaces of air=top substrate, top substrate=adhesive, adhesive=bottom substrate, and bottom substrate=air. The reflectivity of the top substrate=adhesive, and adhesive=bottom substrate was due to the IGZO optical interference effect. Panels (a), (b), and (c) show calculation illustrations for wavelengths much lower than λ 1 (λ ≪ λ 1 ), between λ 1 and λ 2 (λ 1 < λ < λ 2 ), and higher than λ 2 (λ > λ 2 ).
light propagates for a distance of x at λ. There are four important properties. 1) When the wavelength is much shorter than λ 1 , the top substrate is opaque. The optical reflectivity of a sample is determined by the reflectivity of the first interface between air and the top substrate, as shown in Fig. 4(a) . 2) When the wavelength is near λ 1 , the top substrate becomes partially transparent. The optical reflectivity of the sample includes multiple reflection components between the three top interfaces as well as a component given by the top surface. 3) When the wavelength is located between λ 1 and λ 2 , the top substrate is transparent and the bottom substrate is still opaque. The optical reflectivity of the sample is given by multiple reflection components between the three top interfaces as well as a component given by the top surface, as shown in Fig. 4(b) . The reflectivity at second and third interfaces given by IGZO is therefore important to reduce the total reflectivity. 4) When the wavelength is longer than λ 2 , the bottom substrate becomes finally transparent.
Multiple reflections between all the four interfaces contribute to the optical reflectivity of the sample as well as a component given by the top surface, as shown in Fig. 4 (c).
To estimate optical reflection loss, the effective optical absorbency A eff was defined as
where R s (λ) is the optical reflectivity (%) of the sample at the wavelength λ, and r(λ) is the reflectivity (%) at the top surface of an individual top substrate. The denominator is the integration of light incidence ratio into the top substrate between λ 1 and λ 2 because the top substrate was transparent between λ 1 and λ 2 . The numerator is the integration of the optical absorption ratio of the sample between λ 1 and λ 2 . Because the bottom substrate was opaque between λ 1 and λ 2 , the numerator of Eq. (1) 
where n is the refractive index of the IGZO layer. The value of λ eff was between λ 1 and λ 2 and slightly lower than the middle point of λ 1 and λ 2 , as shown in Table I for each sample. The experimental A eff values of the stacked samples were also obtained from the experimentally obtained optical reflectivity spectra. r(λ) is determined using the experimental optical reflectivity (%) R top (λ) of the individual top substrate shown in Fig. 2 Figure 5 shows the optical reflectivity spectra of the samples with structures of (a) Si=IGZO=adhesive=IGZO=Ge and Si=adhesive=Ge, (b) GaAs=IGZO=adhesive=IGZO=Si and GaAs=adhesive=Si, and (c) GaP=IGZO=adhesive=IGZO=Si and GaP=adhesive=Si. The hatched areas show wavelength regions ranging from λ 1 to λ 2 given in Table I Table I. substrate and the top surface of germanium substrate showed an optical reflectivity of 38.6% at 1150 nm. The optical reflectivity gradually decreased to 36.4% as the wavelength increased to 1600 nm. At a low optical reflectivity, it is clearly demonstrated that the IGZO layer showed the antireflection effect. Light was effectively transmitted from silicon to germanium with no substantial light reflection at the intermediate adhesive region. On the other hand, the control sample, Si=adhesive=Ge, showed a high optical reflectivity between 46.7 and 50.2% at wavelengths ranging from 1150 to 1600 nm. The high optical reflectivity resulted from substantial reflections at the interfaces between silicon and the adhesive and between the adhesive and germanium. Figure 5 (a) also shows the calculated optical reflectivity spectra of samples with structures of Si=188-nm-thick IGZO= adhesive=188-nm-thick IGZO=Ge and Si=adhesive=Ge in gray curves. The calculated spectra showed characteristics similar to the experimental spectra over the wavelength region from 500 to 2000 including the region ranging from λ 1 (1150 nm) to λ 2 (1600 nm). The optical reflectivities of four cases of experimental and calculated spectra were almost the same. They decreased as the wavelength increased up to 1000 nm. This clearly shows that the experimentally optical reflectivity was determined by the reflectivity of the top surface of the crystalline silicon substrate. The optical reflectivity increased as the wavelength increased from 1000 nm. The good agreement among experimental and calculated values between 1150 and 1600 nm indicates that the optical reflectivity resulted from the effect multiple reflections among the top surface of crystalline silicon, the silicon= adhesive interface, and the adhesive=crystalline germanium interface. The calculation model of the anti-reflection effect of the sample with IGZO well explains the experimental result of low optical reflectivity between 1150 and 1600 nm, while the calculated spectrum also explains the experimental result of high optical reflectivity with no anti-reflection effect of the control sample of Si=adhesive=Ge. When the wavelength increased from 1600 nm, the optical reflectivity further increased for both stacked samples. The good agreement between experimental and calculated values indicates that optical reflectivity resulted from the effect of multiple reflections among the top surface of crystalline silicon, the silicon= adhesive interface, the adhesive=crystalline germanium interface, and the bottom surface of crystalline germanium because of the transparency of crystalline germanium. Small fringes were observed in experimental spectra. There are possibilities of the partial optical interference effect between the top and bottom surfaces of the adhesive, and the twodimensional Fresnel diffraction caused by surface roughness at the adhesive layer. The sample with 130-nm-thick IGZO layers formed on the bottom surface of the GaAs substrate and the top surface of the silicon substrate showed optical reflectivities ranging from 33.4 to 33.9% between 902 and 1020 nm, as shown in Fig. 5(b) . These low optical reflectivities demonstrate that IGZO layer has the anti-reflection effect in the short wavelength region. Light effectively transmitted from GaAs to silicon with no substantial light reflection at the intermediate adhesive region. On the other hand, the control sample with GaAs=adhesive=Si showed high optical reflectivities between 40.1 and 42.3% at wavelengths ranging from 902 to 1020 nm.
Results and discussion
These high optical reflectivities were due to substantial optical reflection at the intermediate adhesive region. Calculated optical reflectivity spectra shown by gray curves agreed well with the experimental spectra of samples with the structures of GaAs=130-nm-thick IGZO=adhesive=130-nmthick IGZO=Si and Si=adhesive=Ge at wavelengths ranging from 902 to 1020 nm. The optical reflectivities for four cases of experimental and calculated spectra were almost the same. They decreased as the wavelength increased up to 890 nm. This clearly shows that the experimental optical reflectivity was determined by the reflectivity of the top surface of the crystalline GaAs substrate. The optical reflectivity increased as the wavelength increased from 890 nm. The good agreement among experimental and calculated values between 902 to 1020 nm indicates that optical reflectivity was due to the effect of multiple reflections among the top surface of crystalline GaAs, the GaAs=adhesive interface, and adhesive= crystalline silicon interface. The calculation model of the anti-reflection effect of IGZO well explains the low experimental optical reflectivities ranging from 902 to 1020 nm, while the calculated spectrum also explains the high experimental optical reflectivity with no anti-reflection effect of the control sample of GaAs=adhesive=Si. When the wavelength increased from 1020 nm, the optical reflectivity further increased for both stacked samples. The similar properties between experimental and calculated values indicate that optical reflectivity resulted from the effect of multiple reflections among the top surface of crystalline GaAs, the crystalline GaAs=adhesive interface, the adhesive=crystalline silicon interface, and the bottom surface of crystalline silicon because of the transparency of crystalline silicon. The calculation model of the antireflection effect of IGZO was demonstrated in the case of stacking GaAs and Si.
The sample with 102-nm-thick IGZO layers formed on the bottom surface of the GaP substrate and the top surface of the silicon substrate showed an optical reflectivity of 35.6% at 568 nm. The optical reflectivity decreased to 32.5% as the wavelength increased to 1020 nm, as shown in Fig. 5(c) . Light effectively transmitted from GaP to silicon with no substantial light reflection at the intermediate adhesive region. On the other hand, the sample with GaP=adhesive= Si showed a high optical reflectivity between 44.4 and 41.0% at wavelengths ranging from 568 to 1020 nm. The high optical reflectivity was due to substantial optical reflection at the intermediate adhesive region. The calculated optical reflectivity spectra were similar to the experimental spectra for samples with the structures of GaP=102-nm-thick IGZO= adhesive=102-nm-thick IGZO=Si, and GaP=adhesive=Si. The Similarities between experimental and calculated values indicate that the optical reflectivity was due to the effect of multiple reflections among the top surface of crystalline GaP, the crystalline GaP=adhesive interface and the adhesive= crystalline silicon interface. The calculation model of the anti-reflection effect of IGZO well explains the low experimental optical reflectivity from 568 to 1020 nm, while the calculated spectrum also explains the high experimental optical reflectivity with no anti-reflection effect in the control sample of GaP=adhesive=Si. When the wavelength increased from 1020 nm, the optical reflectivity further increased for both stacked samples. Similarities between experimental and calculated values indicate that optical reflectivity results from the multiple reflection effect among the top surface of crystalline GaP, the crystalline GaP=adhesive interface, the adhesive=crystalline silicon interface, and the bottom surface of crystalline silicon because of the transparent property of crystalline silicon. Table II shows a summary of experimental A eff for samples with structures of Si=188-nm-thick IGZO=adhesive=188-nmthick IGZO=Ge, GaAs=130-nm-thick IGZO=adhesive=130-nm-thick IGZO=Si, GaP=102-nm-thick IGZO=adhesive=102-nm-thick IGZO=Si, Si=adhesive=Ge, GaAs=adhesive=Si, and GaP=adhesive=Si. All the samples with IGZO anti-reflection layers gave high A eff values of 0.925, 0.943, and 0.931, respectively, compared with 0.751, 0.811, and 0.796 of the simple stacked samples with no IGZO. Although the wavelength gap between λ 1 and λ 2 was large for Si=188-nm-thick IGZO=adhesive=188-nm-thick IGZO=Ge and GaP=102-nmthick IGZO=adhesive=102-nm-thick IGZO=Si, the IGZO layers effectively reduced optical reflection, which resulted in high values in A eff . Figure 6 shows calculated A eff as a function of IGZO thickness for the three kinds of stacked samples. Experimental results shown in Table II are also plotted. A eff increased as the IGZO thickness increased for each sample. It peaked and then decreased as the IGZO thickness further increased. The zero thickness of IGZO was the control sample, which gave the lowest A eff . It means that the control sample had the highest optical reflection loss at the intermediate adhesive layer. In particular, the A eff of crystalline silicon=adhesive= crystalline germanium was the lowest among the three samples because of the highest refractive index of crystalline germanium, as shown in Fig. 3 and the highest difference in the refractive index between germanium and the adhesive. On the other hand, the control sample of stacking GaAs and silicon gave the highest A eff . Although the refractive index of GaAs was higher than that of GaP, the refractive index of silicon markedly increased as the wavelength decreased. The small difference in the refractive index between silicon and the adhesive at wavelength between 902 to 1020 nm resulted in the highest A eff among the three control samples. A eff increased as the IGZO thickness increased and peaked at the IGZO thicknesses of 183, 130, and 102 nm in the cases of stacking silicon and germanium, GaAs and silicon, and GaP and silicon, respectively. The peaks of A eff were higher than 0.9 in all the samples. The maximum A eff was 0.95 at d of 130 nm in the stacked GaAs and silicon because the antireflection condition was effectively established in the narrow wavelength width between λ 1 (902 nm) and λ 2 (1020 nm). The large wavelength width of λ 1 and λ 2 results in low maximum A eff , observed in stacked silicon and germanium, because λ 1 (1150 nm) and λ 2 (1600 nm) are far different from λ eff (1356 nm) and the anti-reflection effect is weak at λ 1 and λ 2 under the best anti-reflection condition at λ eff . A eff gradually decreased as the IGZO thickness further increased after reaching the peak because the anti-reflection condition shifted to wavelengths longer than λ eff . Although the maximum experimental A eff well agreed with that of calculated A eff in GaAs=IGZO=adhesive=IGZO=Si and GaP=IGZO=adhe-sive=IGZO=Si, the maximum experimental A eff was slightly higher than that of calculated A eff in Si=IGZO=adhesive= IGZO=Ge. The refractive index of the adhesive was probably lower than 1.47 in the experimental samples. The low refractive index of the adhesive reduced the optical reflection at the adhesive region furthermore. In general, the matching condition among the refractive indexes of the semiconductor (n s ), IGZO (n), and the intermediate adhesive (n a ) is given as n ¼ ffiffiffiffiffiffiffiffi ffi n s n a p :
The best anti-reflection is given by a low n a close to 1.0 for the range of n s shown in Fig. 3 . An air-gap intermediate connection would be best. The expected A eff are 0.975, 0.997, and 0.959 for stacked silicon and germanium, GaAs and silicon, and GaP and silicon with an air gap, respectively. Investigation of adhesive materials with low refractive indices is necessary to achieve high A eff . Selection of an anti-reflection layer with a higher refractive index than that of IGZO will possibly lead to the achievement of the condition of Eq. (4). Transparent conductive materials with high refractive indices such as zinc oxide will be candidates for use as the anti-reflection layer.
In this paper, we discussed the reduction of optical reflection loss at the intermediate adhesive region for mechanically stacked samples under the constant-light-intensity spectrum as a function of wavelength. If the spectrum intensity changes with wavelength, for example the air mass 1.5 light spectrum, the equation of A eff should be changed by including the light spectrum. Furthermore, the photon flux transmission ratio at the intermediate adhesive region obtained by the modification of Eq. (1) is also important for discussing the photoinduced current density. The current matching condition is mandatorily required for operating multijunction solar cells with high performance because the total current of serially connected multijunction solar cells is limited by the lowest photoinduced current of a cell component. This reduction of optical reflection loss will be important at the intermediate adhesive region for keeping photo-induced current high. If Table II are indicated by circles.
